The degradation rate of water-soluble poly(oxyethylene) (PEG) was studied under the condition of chemical reaction rate controlling, using a bubble column of 0.05 m I.D. and 0.6 m high. The degradation rate of PEG, of which initial viscosity-average molecular weight is 32,000, is a function of viscosity-average molecular weight, dissolved ozone concentration and OH"concentration. The activation energy of the reaction is found to be 6.2xlO4 J-mol"1. An empirical equation of the degradation rate of PEGis obtained in the range of pH=5.5-8.1.
Introduction
The problem of waste water treatment is attracting attention because of the decreasing availability of water supplies and strict environmental regulations. Watersoluble polymers such as poly(oxyethylene) (PEG), poly (acrylamide) and poly (vinyl alcohol) are widely used in industry and agriculture in spite of the difficulty of their degradation in nature14jl5).
In particular, water-soluble polymers of molecular weight 103-105 can hardly be treated by the methods of activated sludge, adsorption by active carbon and sedimentation17\ Therefore, these polymers have to be degraded chemically to enable them to be treated by biological and adsorption processes. Ozone is one of the most promising reagents for the degradation of water-soluble polymers because it has powerful oxidizing capacity, resulting in formation of less harmful products. Although much work has been published concerning the degradation of solid polymers by gaseous ozone12) and the oxidation of low-molecular weight compounds by dissolved zone1-3'105, very little attention has been paid to the degradation of water-soluble polymers9'u'13'16'18) .
In this work, the effects of concentration and molecular weight of PEG, ozone concentration, temperature and pH on the degradation rate of PEGin water by ozone are investigated. The mechanism of PEG degradation is also discussed. perimental apparatus. A bubble column of 0.05 m I. D. and 0.6m high was used as the gas-liquid contactor for the ozonation. The bubble columnwas encased in a water jacket and was held at constant temperature withinzbO.l K. The reactor was covered with a black vinyl sheet to eliminate the effect of light. Pure oxygen was used as a raw material for the ozone generator to avoid the formation of nitrogen oxides during silent discharge. PEGwas obtained from Wako Pure Chemical, and its viscosity-average molecular weight was 32,000. A poly(oxyethylene) solution was prepared by dis solving a fixed quantity of PEG in a buffer solutior of 0.1 dm3. The pH of the buffer solution was ad justed by adding appropriate reagents, as shown ir Table 1 , which did not take part in the ozonation. The bubble column was charged with the 0.7 dm buffer solution and ozone gas was continuously bubbled into the solution through the glass-filter gas distributor. After the solution had reached equilibrium ozone solution of 0.01 dm3 and gas of 0.01 dm3 ai inlet (SG1) and outlet (SG2) respectively were samplec with a syringe. These samples were mixed with a neutral KI solution without being exposed to the ail and the iodine was isolated by acidification of the solution with sulfuric acid at pH=2 and titrated against sodium thiosulfate or determined spectrophotometrically.
1 Experimental apparatus and procedures
The gas-liquid equilibrium of ozone was found to be in good agreement with the data in the literature5}.
The reaction began at the time when the PEGsolution was poured into the bubble column and mixed with the ozone-saturated buffer solution. Liquid samples were withdrawn periodically from the bottom (SL) of the bubble column. Their viscosity and pH were measured by a Ubelohde viscometer and a pH meter, respectively. Some samples of the degraded PEG were freeze-dried, and their IR and NMRspectra were obtained by the NaCl disk method and in CDC13 at 308.5 K.
The concentration of PEGand the gas flow rate were set in the range of2-10kg-m~3 and 7.5x10~6-5.Ox lO^m^s"1, respectively. The experiment was carried out in the range in which the degradation rate of PEGwas not influenced by these factors. Thus the mass transfer resistance of ozone at the gas-liquid interface could be safely neglected.
2 Measurement of molecular weight
The intrinsic viscosity of a polymer solution is expressed by the following equation.
[V]= lim (vlVo-l)/CBv (1) where (y/7}0-l)ICBw is the reduced viscosity and is dependent on the polymerconcentration as shownin Fig. 2 . Concerning the PEG solution with concentration lower than lO kg-rrr3, the intrinsic viscosity was given by the following equation7}.
where kn is the Huggins coefficient. Solid lines in Fig. 2 are calculated from Eq. (2) using kn=0A. For most polymer solutions, the value of ku is between 0.3 and 0.5. The relationship between the molecular weight and the intrinsic viscosity was determined by using monodispersed samples (Mw/Mn^l.l3) of known molecular weight.
As shown in Fig.3 and polymer concentration Fig. 3 Relationship between intrinsic viscosity and molecular weight of PEG ofMiih8). Equation (2) and Fig. 3 were used to determine the viscosity-average molecular weight of ozonized PEG samples.
The molecular weight distribution was measured by a gel permeation chromatograph. The columns were 0.6 m of TSK-G4000PW and 0.6 m ofTSK-G2000PW connected in series, and water was used as the solvent. 2. Results and Discussion 2. 1 Molecular weight distribution and average molecular weight Figure 4 shows the molecular weight distribution of the ozonized PEG. The samples were withdrawn at 60, 1800 and 4260 s, respectively, after the start of the reaction under the conditions of pH=5.5, T= 293K and C^=0.116mol-m-3.
The experimental data are well expressed by the logarithmic normal *.
The normalization is given by
The distribution function, F(M)9 means the weight fraction of the ozonized PEGbelonging to the molecular weight, M. The abscissa of Fig.4 is taken as log M; consequently, the ordinate must be MF(M) from Eq. (4). The calculated Mn and Mware shown in Table 2 to compare with MV9which was obtained from the intrinsic viscosity. Under these experimental conditions, Mwwas virtually equal to MV9and the value of Mw/Mnwas nearly equal to 2. This fact suggests that PEGmolecules were randomly cleaved4). Figure 5 shows the change of average molecular weight with elapsed time. The time-dependent curves were graphically differentiated with respect to time, and the degradation rate, -dMjdt, was obtained. The degradation rate per average molecular weight is proportional to the 0.5 power of Mvand the 1.0 powerof the dissolved ozone concentration, as shown in Fig. 6 . These tendencies have been confirmed under other experimental conditions, and they agree with the results of Suzuki and Miyazaki16). Figure 7 shows the effect of temperature on degradation rate, corrected for the ozone concentration. The activation energy, AE, is obtained as 6.2X104J-mol"1. Suzuki and Miyazaki16) gave a smaller value of JE=4.5xlO4 J-mol"1.
2 Degradation rate of PEG
This suggests that their degradation rate is a little reduced by the absorption rate of ozone. Figure 8 shows the effect of pH on degradation rate. In the range of pH=5.5-8.1, the degradation rate is proportional to the 0.6 power of OH~concentration, while in the range of pH<5.5, the degradation rate is almost independent of OH"" concentration. Figure 9 indicates that the mass concentration of PEG and the gas flow rate do not affect the degradation rate. Thus, it was confirmed that the mass transfer resistance of ozone at the gas-liquid infer face was negligible, as stated in Section 1.1. From the above, the degradation rate of PEGcan be expressed by the following empirical equation in the range of pH-5.5-8.1.
The comparison of experimental results with predictions is shown in Fig. 10 . By integrating Eq. (5), the following equation is obtained. Mv=(kCyC°a H/2+ M-rr 2 (7) where Mv0is the average molecular weight at £=0 and is 32,000 in this experiment. The values calculated from Eq. (7) are plotted in Fig. 4 . The experimental data are in good agreement with the calculated ones.
3 Degradation mechanism
The IR and NMRspectra indicate that formic ester is a main product of the ozonation. No production of carboxyl group was detected as reported by Suzuki13\ These observations suggest the following scheme for the degradation of PEG. First, the dissolved ozone decomposes to produce radicals such as OHà"6).Hydrogen of the methylene group is attacked by the radicals and a carbon-carbon double bond is produced. Fig. 6 Effects of ozone concentration and viscosity-average molecular weight on degradation rate Fig. 7 Effects of temperature and viscosityaverage molecular weight on degradation rate
The reaction of II with ozone is explained by the Criegee mechanism1 }.
The following scheme proposed by Suzuki13) is VOL. 14 NO. 1 1981 Fig. 8 Effects of pH and viscosity-average molecular weight on degradation rate Fig. 9 Effects of mass concentration of PEG and gas flow rate on degradation rate Fig. 10 Correlation of degradation rate important in the acidic region where ozone reacts
